Abstract-This paper explores the benefits of combining the dc-link energy storage of a voltage source converter-based highvoltage dc (VSC-HVDC) link and the kinetic energy storage from wind turbines to facilitate in fast primary frequency control and system inertia to an ac network. Alongside physical and analytical justifications, a method is proposed which blends the energy stored in the HVDC link with the power control capabilities of the wind turbines to provide frequency response that is fast while not requiring excessive volume of capacitance nor demanding performance requirements on the wind turbines.
I. INTRODUCTION

C
ONVENTIONAL ac grids rely on the inertial, primary, secondary, and tertiary responses to regulate the power balance of the grid while maintaining the system at its optimal operating point at different time scales [1] . When a sudden imbalance occurs, the inertial response limits the rate of change of frequency (ROCOF) during the first few seconds, thanks to the inherent dynamics of synchronous generators. The primary controllers stabilize the frequency afterwards by adjusting the loading of the prime movers in a proportional manner to the frequency error.
Unlike conventional power plants, most renewable generators are not interfaced to the grid through synchronous machines but through electronic power converters. Thus, they lack an inherent ability to contribute toward inertial response. Moreover, these systems usually operate at their maximum available power and do not participate in primary response. With further deployment of renewable generation systems anticipated in the near future, system operators have become more concerned about short-term stability problems and a growing interest in demanding inertial and primary response capabilities from renewable generation systems has become apparent [2] , [3] .
In recent times, major wind turbine manufacturers have added frequency response capabilities as a feature of their wind turbines and there exist a number of patents covering different aspects of the control methods they use [4] , [5] . While primary response requires operating wind turbines below their maximum loading, inertial response can be obtained from the kinetic energy of the wind turbine. This was first proposed in [6] and has been further analyzed in the literature [7] - [9] . The development of voltage source converter-based highvoltage dc (VSC-HVDC) transmission enables building offshore wind farms (WFs) in far locations with good availability of wind resources and space. These WFs are decoupled from the grid by the HVDC link. Thus, wind turbines are unaware of the deviations of the frequency of the main grid and the grid-side VSC (GS-VSC) becomes the means through which frequency support services can be provided. Suitable control structures to implement these services are currently being discussed. Because of the long distance and the conversion stages involved in the HVDC transmission, there is a concern in respect to the reliability and the reaction time to effectively provide system inertia. In [10] - [12] , the authors use the wind turbine frequency response capabilities. In order to make the system robust to the loss of communication between the GS-VSC and the WF-VSC, they proposed to translate the frequency of the main ac grid to an equivalent variation of the HVDC link voltage controlled by the GS-VSC which is sensed at the WF-VSC and communicated to the wind turbines. Moreover, in [12] , the authors analyzed how such method could be used in a multiterminal system. A different approach was proposed in [13] , where the authors suggested that the energy stored in the capacity of the HVDC link could be used alone to provide inertia support.
Using the energy stored in the HVDC link alone to provide inertial response has the advantage of providing a very fast response toward the main ac grid while reducing the stress of the wind turbines, but it has the significant disadvantage of requiring a very large capacitance to be comparable to conventional power plants. On the other hand, relying solely on the frequency response capabilities of the offshore wind turbines has the disadvantage of introducing delays and distortions to the response due to different information transmission stages existing between the frequency measurement at the GS-VSC and the wind turbine reaction.
In this paper, the authors propose the idea of blending the energy stored in the HVDC link with the power control capabilities of the wind turbines as an alternative to the aforementioned methods. This method can provide a fast frequency response toward the ac grid while not requiring excessive volume of capacitance nor high-performance requirements on the wind turbines.
This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ This paper is organized as follows: a model of the system is described in Section II. Frequency support requirements are discussed in Section III. A comparative analysis of the different methods for HVDC-connected WFs is presented in Section IV and the results of a detailed simulation test of the proposed method are discussed in Section V.
II. SYSTEM MODELING
The analysis focuses on a point-to-point HVDC system where an offshore WF is connected to a WF-VSC which transfers the generated power to a GS-VSC connected to the main ac grid (see Fig. 1 ). In the first instance, a simplified model of the HVDC link is considered where the resistance of the cable is neglected along with its higher order dynamics. The adequacy of this assumption will be confirmed using high-order dynamic models for the simulation. Considering these assumptions, the dc-link voltage V dc can be written as a function of the current injected by the converters as
where C is the equivalent capacity of the link, wf refers to the WF side, and gs refers to the main ac GS of the link. The equivalent capacity of the system combines the energy stored in the dc capacitors of the converters along with the capacity of the cables. Transforming this equation by Laplace, we obtain
As a point-to-point connection, it is common to use a control scheme where the GS-VSC controls the dc-link voltage while the WF-VSC operates in the so-called V-f mode. When in V-f mode, the WF-VSC behaves as an ideal constant amplitude and constant frequency ac bus toward the WF collector by injecting an amount of power to the link dictated by the output power of the wind turbines.
A diagram of the closed-loop voltage regulation system is shown in Fig. 2 . The closed-loop equation is
The voltage regulator of the GS-VSC K(s) is designed to provide the desired performance considering the operational limits of the converter along with the current that is expected to be injected by the WF-VSC. 
III. FREQUENCY SUPPORT POWER REFERENCE CALCULATION
Providing short-term frequency support requires changing the power injected to the ac grid depending on the variation of its frequency. Two different terms have to be considered: one which is proportional to the ROCOF, which emulates the so-called inertial response of a synchronous machine, and the other which is proportional to error of the frequency, which corresponds to the primary control. An example of variation of these two variables when a step increase of the load occurs is shown in Fig. 3 , as described in [14] . Notice that inertial response plays a major role in the recovery of the grid in the first few seconds after an event, whereas primary control has a slower response which can be seen during the first few tens of seconds afterwards.
The instantaneous value of the frequency of the grid can be obtained from the voltage measured at the Point of Common Coupling (PCC) of the GS-VSC. The resulting signal can be processed to obtain the power injection required to provide grid support. The inertial response term P * H can be calculated as [7] 
where H is the resulting emulated inertia time, S N is the rated apparent power, and f N is the nominal frequency of the grid. Equation (4) gives an estimation of the power headroom required from the converter to be able to provide a certain inertia time when running at rated power as a function of the maximum expected ROCOFḟ R For example, for an inertia time of 2.5 s and a maximum ROCOF of 1 Hz · s −1 in a 50 Hz grid, the required headroom would be 10%. This paper will focus on the analysis of inertial response, as inertial response has more critical time constraints. However, primary control features will be added to the detailed simulation model in Section V to ease the comparison at a longer time scale between a conventional ac system and an ac system with HVDC-connected WFs providing frequency support. The primary response term can be calculated as follows [7] :
where K droop is the steepness of the primary control characteristic.
IV. OBTAINING INERTIAL RESPONSE FROM HVDC-CONNECTED OFFSHORE WFS
Three different methods will be discussed here: Method I, which relies on communicating the frequency to the wind turbines; Method II, which relies on using the energy of the HVDC link; and Method III, a new method which blends the energy stored in the HVDC link with the response of the wind turbines.
A. Method I: WF-Driven Response
The frequency of the grid is obtained by the GS-VSC and an order of variation of power is issued to the WF. The dynamics between the grid support power order and the actual power injected by the GS-VSC can be obtained by introducing the communication delay T and the wind turbine reference tracking dynamics G wf (s) to the system model as shown in Fig. 4 . The equivalent transfer function, considering small variations of V dc , becomes
Thus, the system response to a power reference issued by the GS-VSC arises due to the cascaded effect of the communication stage, the wind turbine reference tracking dynamics, and the voltage regulation performance of the link KS(s)G d (s) [15] .
The resulting response when a step increase in the power is required due to a sudden event happening in the ac grid is shown in Fig. 5 . The simulation was carried out using a simplified model with the parameters summarized in Table I .
In a practical situation, no direct communication would exist between the GS-VSC and each individual wind turbine. The WF-VSC would have to transmit the signals from the GS-VSC to a WF controller which would dispatch the power order to each individual turbine depending on its state as proposed in [5] . Each of the steps would add additional lag to the response. Thus, the communications would be the predominant source of delay when using this method. This would potentially undermine the capability of the system to provide support during the first periods after a contingency, where the ROCOF depends on the inertia of the grid [14] . However, it has been shown in [10] that the system would still be capable of improving the minimum value reached by the frequency.
B. Method II: Response From the Energy of the HVDC Link
The frequency of the grid is obtained by the GS-VSC, a power order is calculated, and the required power is injected to the grid by taking stored energy in the capacitance of the HVDC link, which is achieved by changing its voltage. The energy stored in the HVDC link E dc and the power extracted from it P (t) can be written as The variation of the voltage required to track a power reference can be obtained as
By linearizing the equation for small variations of the V dc , the following transfer function is obtained:
The complete diagram is shown in Fig. 6 . The resulting relation between the power order and its actual value is
From (10), it becomes apparent that a sustained power injection would cause a sustained voltage drift. Such situation is illustrated in Fig. 5 , where Method II has been applied to the same system described earlier. This is not an issue if the system is used to provide only the inertial response, as proposed in [13] , as the energy stored in the HVDC link would play the role of the kinetic energy in a conventional power plant. By combining the inertia emulation equation (4) with the power extracted from the capacity (8) the following relation is found:
Thus, in a system with a properly chosen capacity and emulated inertia time, the voltage of the HVDC link would be kept in a safe operating range as long as a major frequency collapse did not occur in the ac grid. The following expressions show the tradeoffs between the capacity of the HVDC link, the maximum allowed HVDC voltage deviation ΔV dc , and the emulated inertial time for a given maximum expected frequency error Δf : The main benefit of this method is that the system is capable of providing a very quick inertial response toward the ac grid without requiring support from the wind turbines, as shown in Fig. 5 . However, the energy stored in the HVDC link required to produce an inertia time comparable to a conventional power plant is very high compared to the capacity that is normally available in VSC-HVDC systems. For example, for the system described in Table I , the emulated inertia, considering a maximum frequency deviation of 1 Hz and a maximum voltage deviation of 10%, would be H = 0.15 s, which is very low [1] . In order to achieve an inertia of H = 2.5 s, which is a low boundary of the usual range for thermal plants, the minimum capacity required would be C = 3.33 mF. This would require multiplying by a factor of 17 the HVDC link capacitance.
C. Method III: HVDC Energy Buffer With WF Support
Method III is new method that uses a combination of the energy stored in the capacitance of the HVDC link plus the power injected by the WF-VSC to provide frequency support. When a frequency deviation requiring the support is detected, the setpoint for the voltage of the link is reduced, such that the energy is released from link capacitance in a similar manner like Method II. However, unlike Method II, on detecting the reduced voltage, the WF-VSC adjusts the power order of the WF to access WF kinetic energy. The initial voltage reduction delivers the first package of response energy which is gradually supplemented by the kinetic energy of the wind turbines in a way that does not require a fast response from the turbines, unlike Method I, nor high energy storage capacity in the link, unlike Method II. The method has the added benefit of not requiring communication between the GS-VSC and the WF-VSC, as the WF-VSC detects the requirement to change the power order of the WF based on the voltage measured in the link.
The block diagram of the control scheme is shown in Fig. 7 . The variation of the voltage order of the GS-VSC ΔV * dc is obtained from the required power reference as
where τ is a design parameter, a time constant, that affects the resulting variation of the dc voltage and the performance requirements of the WF.
The power order of the WF-VSC is modified using a proportional controller K wf fed with the voltage error of the link
The resulting transfer function between the power reference and the actual power injected to the grid is
where the first term corresponds to the power extracted from the energy stored in the link, and the second term corresponds to the support provided by the WF. If the bandwidth of G III (s) is chosen to be low enough, by making τ greater than the time constants of the HVDC link voltage regulator and the wind turbine tracking dynamics, the previous transfer functions can be simplified because
s). Further, as the voltage regulator is designed to reject disturbances at low frequencies, KS(s) ≈ G(s)
−1 [15] . Then, the previous equation becomes
which is equivalent to
The resulting response, simulated using the same system as in Sections II-A and II-B, is shown in Fig. 5 . Notice that the system is capable of providing a fast response comparable to Method II with a comparatively smaller variation of the voltage. Further, the wind turbines are not required to ramp up their power output as quick as in Method I while delivering the required power to the grid earlier.
Choosing the large value of τ has been shown to reduce the required wind turbine reference tracking performance; however, it also produces a greater deviation of the voltage of the link. The relation between the maximum allowable voltage deviation ΔV dc , the power headroom available ΔP , and the time constant τ can be obtained from (16)
It is also useful to put the previous relation as a function of the inertia time and the ROCOFḟ R from (4) also
Following the example used in Method II, considering the requirement to provide an emulated inertia of H = 2.5 s, with a 10% margin for voltage deviation and a maximum ROCOF of 1 Hz/s, the original VSC-HVDC system with C = 200 µF would be capable of providing the desired inertia, giving the wind turbines a settling time of 0.18 s to react, i.e., 3τ = 0.18 s. Equation (23) can be used to compare the sizing requirements of the new method with the requirements of Method II from (13) . The ratio between the capacitance required by Method II C II and the capacitance required by Method III C III is
Note that this ratio only depends on the maximum expected frequency error Δ f , the maximum expected ROCOFḟ R , and the time given to the WF to react in Method III, 3τ ; also, it neither depends on the emulated inertia time nor the allowed voltage margin. A plot of this ratio is shown in Fig. 8 . The values of Δ f have been chosen following the System Operator Transmission Owner Code from U.K. National Grid, which requires operating HVDC links at frequencies as low as 47 Hz [16] . The values of the ROCOF have been set following the 1 Hz · s −1 ROCOF protection setting recently proposed for generators over 5 MW in a recent Industry Consultation by U.K. National Grid [17] .
The plot suggests that Method III is a better alternative than Method II unless long WF response times are desired. For low values of τ , Method III requires several orders of magnitude less capacitance than Method II. However, note that if very fast reaction times of the WF are required, the benefits of Method III compared to Method I would be lost and the assumptions in the derivation of (19) would not be correct. 
V. EVALUATION OF THE PROPOSED METHOD USING A DYNAMIC POWER SYSTEM MODEL
In order to further substantiate the benefits of the proposed method, a series of case studies are presented in the next section considering detailed dynamic simulation models for the ac system, wind turbines, and HVDC link, developed in DIgSILENT PowerFactory.
A. System Description
The ac system model is based on the well-known test system with four machines and two areas described in [1] . Several modifications have been made to the original system to suit the presented case study. Three tie lines as shown in Fig. 9 are considered. Each area consists of two coupled generation units, each having a rating of 600 MVA and 20 kV output voltage. Frequency-dependent load models are considered. In steady state, each unit dispatches 500 MW with the loads Ld1 = 600 MW and Ld2 = 1358 MW resulting in a tie line flow of 380 MW (bus 7-9).
Four different scenarios are studied.
• Scenario A: Conventional generation, no WF.
• Scenario B: Displacement of a conventional power plant by an offshore WF (no inertial support, with primary control).
• Scenario C: Displacement of a conventional power plant by an offshore WF (with inertial support, with primary control).
• Scenario D: Displacement of a conventional power plant by an offshore WF (with inertial support, without primary control). 1) Scenario A: In this scenario, all the generators are synchronous machines from conventional thermal plants equipped with steam turbine-governor systems [1] .
2) Scenario B: The base case described above is modified by replacing a conventional power plant (G2) with an offshore WF radially connected to bus 6 via a ±150 kV symmetric monopole VSC-HVDC link with length 100 km. The WF comprises 367 wind turbines rated at 1.5 MVA and 0.69 kV output voltage, aggregated and represented by WF, as shown in Fig. 9 . An over-provision of up to 10% of the rated turbine power is specified. Thus, considering the available overload capability (headroom), the wind turbines can operate at a maximum of 550 MW. At full load (under normal operation), the WF transfers 500 MW through a 33-kV ac feeder on to the GS-VSC. The doubly fed induction generators are simulated using an aggregated model based on the dynamic model of the General Electric (GE) 1.5 MW WTG described in [18] . The model contains a two-mass lumped parameter model of the mechanical system and an averaged model of the power converter with their corresponding controllers.
Both GS-VSC and WF-VSC are rated at 550 MVA. The WF-VSC converter operates in ac voltage control as a slack bus to allow for the wind active power to transfer onto the HVDC link. The GS-VSC operates in V dc − V ac mode, maintaining constant dc bus voltage and ac voltage control at the PCC, as shown in Fig. 10 . Decoupled current control strategy in the modified reference frame (d q ) and standard PI controllers were used in the converter, which was simulated using an averaged model [19] , [20] .
In general, wind generators do not contribute to primary frequency control, as it is more economical to maintain reserve on more conventional units (hydro and thermal). An example where such functionality has been demonstrated is the Horns Rev offshore WF in Denmark [21] , which demonstrates various control features including a reserve capability (i.e., it is possible to operate the WF to maintain, e.g., 5% reserve margin that may be called upon during a frequency decline). In a transmission system where wind is likely to be a major portion of the generation mix (typically small and islanded systems), both inertial response and primary frequency control may become necessary.
Scenario B considers the case whereby the HVDC-connected offshore WFs contribute toward primary frequency response, as shown in Fig. 10 . The primary frequency control uses a similar scheme which was adopted for the conventional generators. Further details can be obtained in [1] . The frequency is measured at the GS-VSC and communicated to the WF site.
3) Scenario C: The proposed inertia emulation control scheme (Method III) is implemented as described in Section IV-C. The parameters of the inertia emulation are chosen considering a maximum acceptable deviation of the HVDC link voltage of 10%, a WF reference tracking settling time of 180 ms (τ = 60 ms), an emulated inertia time of H = 8.5 s (considering S N = 500 MVA) chosen to match that of the replaced generator, and a maximum expected ROCOḞ f R = 0.35 Hz/s. 
4) Scenario D:
This scenario is the same as Scenario C with the exception that the primary control support is not in operation.
VI. RESULTS AND DISCUSSION
Time-domain simulations for a sudden increase in the loading of the power system (25% increase of Ld1) were carried out to compare the system recovery performance under different scenarios.
The frequency of the grid, shown in Fig. 11 , follows a classical power system transient in all scenarios. This transient is characterized by an initial drop of the frequency at a constant rate followed by a recovery (starting near t = 5 s) and a stabilization of the frequency with a certain steady-state error. The results show that without inertia emulation (Scenario B), the ROCOF during the initial drop becomes 33% faster compared to Scenario A due to 25% reduction of the overall system inertia. In contrast, inertia emulation in Scenario C allows to preserve the same initial ROCOF as in Scenario A. This is apparent by observing the zoomed-in Fig. 11(b) .
The active power involved in the transient response of the system is shown in Fig. 12 . Comparing G2 from Scenario A with the GS-VSC from Scenario C in Fig. 12(a) and (b) , it can be seen that their power injection follows a similar transient with small differences due to a superimposed oscillation representing lightly damped modes of the system. When the sudden step in the load occurs at time 2 s, both generators change in stepwise their active power due to their inertial response following the derivative of the frequency without significant effect of the primary control. This is further confirmed by comparing the initial response of Scenarios C and D (where the primary control is not in operation) in Fig. 13 . By comparing the power injected by the GS-VSC with the power coming from the WF onto the dc link in Fig. 12(b) and (d) , during the initial transient, the ability of Method III to provide a sudden response toward the ac grid while giving the WF time to react is also validated.
The effect of having primary control is shown in Fig. 13 , where Scenarios C and D are compared. The transient response of the frequency in Fig. 13(a) shows that the inertia emulation alone is responsible for providing support during the first few seconds of the transient, whereas the primary response effect can be seen afterwards as discussed earlier.
The variation of the dc-link voltage is shown in Fig. 12 (e) and (f). It can be seen that the voltage follows a transient which resembles the derivative of the frequency of the grid in Scenario C as expected, without exceeding the specified operational limits. It is also worth noticing that voltage error in the dc link only occurs during the fast transient response of the frequency, reaching zero once the frequency stabilizes. This is a further advantage of the proposed method (Method III) as opposed to Method II. The justification for this is, having a voltage reduction in steady state, while the grid frequency requires action from the secondary control to recover its nominal value, would require higher current in the dc link, thus higher losses and potentially higher costs.
VII. CONCLUSION
This paper presents a new method that allows remote offshore WFs connected through VSC-HVDC links to participate in ac grid frequency control by blending the energy storage capability of the HVDC link and the frequency support capabilities of wind turbines. The blended approach has numerous advantages compared to the already existing methods as it allows to obtain an almost instantaneous response toward the ac grid, keeping the performance requirements of the wind turbines low without requiring a significant increase of the volume of the capacitors of the HVDC power converters.
